Temperature-jump studies have been used to detect a rapid reaction in the thermal unfolding of ribonuclease A (RNase A). The fast reaction occurs over a wide range of pH, and the results of a detailed study at pH 1.3 are reported here. Although its amplitude is small, the reaction is easily measurable over the entire temperature range of thermal unfolding. It occurs in the millisecond time range, and is faster by 3-4 orders of magnitude than the slow unfolding reaction studied previously. Unfolding is measured here by the change in absorbance at 287 nm, which reflects the exposure to solvent of buried tyrosine groups. In an effort to understand the latter paradox, a simple sequential model of protein folding was introduced (II). It can approximate 2-state behavior by several tests, even when sizable concentrations of intermediate, partly-folded molecules are present. A basic prediction of this simple sequential model is the existence of a significant transient phase preceding steady-state kinetics of protein unfolding. If unfolding is highly cooperative, so that the reaction appears to be a 2-state reaction, the amplitude of the transient phase will be small and the separation in time scales between the transient phase and the steady-state phase will be large (e.g., 3-6 orders of magnitude in some hypothetical examples (1I). Nevertheless, temperature-jump studies (11) might detect the transient phases, since the sensitivity of modern instruments is excellent and the time range of observation extends down to a few microseconds.
the slow unfolding reaction, measured at 287 nm, could be represented as a single exponential process, as expected for a 2-state reaction. However, earlier equilibrium measurements, especially the calorimetric studies of Sturtevant and coworkers, had revealed significant deviations from the 2-state behavior at neutral pH. These conflicting observations are explained by the model, which satisfies closely many criteria for a 2-state unfolding, even when appreciable concentrations of partly folded molecules are present. In particular, it predicts that the final, and major, portion of the kinetic reaction will occur as a single process characterized by an exponential time course.
The reversible unfolding reactions of several small proteins show apparent 2-state behavior (1) (2) (3) (4) : that is, no intermediate, partly-folded states have been detected either in the unfolding or refolding reactionst, § (5) . Several types of equilibrium studies (6) (7) (8) have shown that ribonuclease A (RNase A) [bovine pancreatic ribonuclease A, with disulfide (-SS-) bridges intact] undergoes a typical 2-state thermal unfolding reaction in the pH range 1-2. However, at neutral pH, this reaction shows readily observable deviations from the 2-state behavior (8, 9) . Kinetic (6) (7) (8) .
Oscilloscope records of the fast reaction observed at 286 nm are shown in Fig. 2 previously (10, 11) . Presumably, the fast reaction was not detected (by difference) in these earlier studies, because of its small amplitude. Since the fast reaction is not detectable in temperature jumps that end below the unfolding zone or begin above the unfolding zone (Table 2 ), it appears to be a feature of the unfolding process itself. (1/2) is 10'-104 times larger than (1/Tr); ' for unfolding at temperatures of 320C or below (see Fig. 1 ), the slow unfolding reaction measured at An6.5 is complex (10, 11) and the terminal time constant ri for the slowest reaction is given here. In these experiments, unfolding is followed by the change in absorbance at 286 nm, which reflects the exposure to solvent of buried tyrosine groups (12) (13) (14) (14) , at least one is a tion to low pH (15) , and some structure rema unfolded RNase A that can be disrupted guanidine solutions (13, 16) . Thus, the sour used to follow unfolding (A2s6) is complex.
Both the amplitude and an average time c fast reaction are easily measurable in tempera (Tables 1 and 2 ). tal convenience.
Although the time course of the reaction is approximately groups that are exponential, its amplitude is not large enough (see Table 2 ) to pH is open to characterize the time course with much precision. Deviations buried in native from single exponential curves for the fast reaction are more ffected by titraapparent at low temperatures of unfolding than at high tem6ins in thermally peratures, and this behavior resembles that of the slow unin concentrated folding reaction (10, 11 
